We describe the space project of Ultra-Fast Flash Observatory (UFFO) which will observe early optical photons from gamma-ray bursts (GRBs) with a sub-second optical response, for the first time. The UFFO will probe the early optical rise of GRBs, opening a completely new frontier in GRB and transient studies, using a fast response Slewing Mirror Telescope (SMT) that redirects optical path to telescope instead of slewing of telescopes or spacecraft. In our small UFFO-Pathfinder experiment, scheduled to launch aboard the Lomonosov satellite in 2012, we use a motorized mirror in our Slewing Mirror Telescope instrument to achieve less than one second optical response after X-ray trigger. We describe the science and the mission of the UFFO project, including a next version called UFFO-100. With our program of ultra-fast optical response GRB observatories, we aim to gain a deeper understanding of GRB mechanisms, and potentially open up the z>10 universe to study via GRB as point source emission probes.
INTRODUCTION
Gamma-Ray Bursts (GRBs hereafter) are the most luminous explosions in the universe, emitting the highest energy photons, and should be seen to the highest redshift of any object in the universe. These properties provide great leverage in time, wavelength, and information, and thus a unique opportunity to understand not only the nature of the universe but fundamental physics.
Hundreds of GRBs UV-optical light curves have been measured since the discovery of optical afterglows. The Swift space observatory has produced numerous detections of optical afterglows associated with GRB, a spectacular success by any measure [1] . However, even after nearly 7 years of operation of the Swift, only a handful of measurements have been made soon (within a minute) after the gamma ray signal. This lack of early observations and the blindness to the rise phase of the afterglow immediately following the explosion, or to other abrupt or highly variable transient sources, leaves fertile astrophysical territory and many important physical questions arising at the short time scales unexplored. *ipark@ewha.ac.kr; phone +82 2 3277-4271; fax +82 2 3277-3415; uffo.ewha.ac.kr On the astrophysical side, this includes the origin of short-hard type GRBs, rapid-rising GRBs associated with prompt emissions and progenitors, the nature of the burst energy release mechanism, the formation of the neutron star or black hole, the development of shocks and interaction with the surrounding medium, etc. Rapid data collection is also essential.
for tests of fundamental physics such as constraints on Lorentz violations and CPT from the time delay between different energy photons, or between photons and neutrinos. Coincident or successive observations of the explosion event as an electromagnetic counterpart to a neutrino observatory of gravitational wave observatory signal would revolutionize astronomy, and greatly improve our understanding of black holes, neutron stars, and strong field gravity.
We have developed methods, for the first time, for reaching sub-minute and sub-second time scales in a spacecraft observatory appropriate for launch even on small satellites. Rather than slewing the entire spacecraft to aim the optical instrument at the GRB position, we have proposed Slewing Mirror Telescope that employs rapidly moving mirror or mirror arrays to redirect our optical beam. We describe in the following the concept and development of a fast-response optical telescope, the science and the mission of the UFFO (Ultra-Fast Flash Observatory) project, the current status of the first mission UFFO-pathfinder onboard Lomonosov spacecraft to be launched in November 2012, and a proposed full-scale UFFO-100 as the next step.
CURRENT LIMITS OF RAPID RESPONSE MEASUREMENTS
The Swift observatory obtains UV-optical light curves by first serendipitously detecting the onset of a GRB within the very large field of the Burst Alert Telescope (BAT) [2] . The BAT then produces a crude sky position via a standard coded mask technique. After this, the entire observatory spacecraft slews to point the UV-optical telescope (UVOT) and other instruments at the GRB position. After slewing, a period of time is required for the pointing to stabilize, after which a series of UVOT exposures begins. Though this system has been a great success by producing numerous detections of optical afterglows associated with GRB, only a handful of responses have occurred in less than 60 s. Due to finite mission lifetime, Swift cannot be expected to increase significantly this number of sub-minute responses.
In fact, one should not think of the Swift system as being limited to the Swift spacecraft. The position calculated by Swift within 5~7 seconds is also broadcast over the internet via the gamma-ray coordinate network (GCN). At this point, any instrument may respond and follow up the coordinates in the format of the GCN alerts, via internet connection. Although the response of some instruments on ground is rapid, e.g. 25 sec for ROTSE-III, the sensitivity is far less than that of the Swift UVOT. Due to their small size, and to the limitations of ground-based observing including daytime and weather, together these instruments have managed only a handful of rapid detections [3] . Because of the ability of space-based telescopes to detect photons throughout the UV-optical band without scattering or absorption, the 30 cm aperture UVOT telescope compares favorably in sensitivity to a 4-m ground-based telescope [4] , and such telescopes are not capable of sub-minute response. The slower slew times of such larger terrestrial telescopes makes them uncompetitive for the sub-1000 sec regime. The Swift limit of 60 sec response is therefore the practical minimum for sensitive UV-optical GRB studies for the near to mid-term future. In the following we propose a new technical solution to overcome the constraints of current instrumentation
SLEWING MIRROR TELESCOPE
Our approach to accelerate the slew capabilities is to redirect the optical path at an astronomical telescope via a substantially more lightweight slewing mirror rather than move the entire payload or telescope [5] . The slewing system can be either a flat mirror or mirror arrays such as MEMS (Micro-Electro-Mechanical Systems) mirror array (MMA), mounted on a gimbal platform. In either case, large field of view (FOV) is accessible without the aberration inherent in wide-field optical systems. Figure 1 shows the concept of Slewing Mirror Telescope (SMT) [6] . The parallel rays are directed on-axis with respect to the fixed optics by the slewing mirror system. The net effect is to steer the UV-optical instrument beam, instead of moving the telescope or the spacecraft itself. The beam can be steered by two-axis rotation of the mirror plate, rotation of the individual MMA devices, or rotation of MMA and also gimbal afterward. We find that various types of rotating mirrors move across entire field of view wider than 180° x 180°, point, and settle in 1 sec. In order to build a telescope with milliseconds slew speed both for x-and y-directions at a time, we have produced small mirror arrays driven by MEMS devices. Resembling mirror segments mounted on two-axis gimbals, MEMS micromirrors are fabricated in arrays using advanced silicon and integrated circuit technologies. These MEMS mirror arrays, fabricated like other microelectronics devices, can move, point, and settle in less than a few msec with rotation angle ±15° off axis and thus FOV of 60° x 60°. Such an extremely lightweight and low power device fits well to space applications, e.g. the platform of a microsatellite. A series of small prototype MMA system have been developed in our group since 2004 [7, 8] . We fabricated a small prototype of 3 mm caliber telescope to demonstrate the idea of fast slewing or tracking. It was flown once in space on the ISS in 2008, and once on Tatiana-2 satellite in 2009, with excellent performance, both for nadir observation of transient luminous events occurring in the upper atmosphere [9, 10] . Our simulations of our segmented MMA show that the point spread function (PSF) of SMT will have a FWHM of about 1 arcsec with the micromirrors at zero tilt. When the micromirrors are tilted, however, the PSF spreads to a FWHM of 2 arcmin due to the difference in beam path length created by tilt of elements. Therefore, we could use the MMA to steer the beam to measure very early photons, starting ~10-3 sec after trigger+location. At this ultra-fast mode, the mirror plate remains aimed at the middle of the field as shown in Figure 2 . We could perform high-resolution imaging of the source later, using the mirror plate to steer the beam (with the MMA at zero tilt). This fast mode motion takes much longer, ~1 sec. So, the ultra-fast mode with MMA minimizes response time, while the fast mode with rotating plate maximizes sensitivity. Figure 2 . In ultra-fast mode, the mirror plate remains aimed at the middle of the field while the MMA elements point at the target. In fast mode, the MMA elements are in standby or zero deflection mode, and the rotatable plate aims at the source. The first mode has minimum response time, the second maximizes sensitivity. The MMA provides ultra-fast response times, but at some cost in terms of PSF broadening. There is essentially no degradation in performance for the MMA in standby mode, and the full resolution (and therefore sensitivity) of the telescope is obtained in fast mode.
EARLY PHOTON PHYSICS
Beyond the possible physics with GRBs, the SMT offers a unique opportunity to probe a new, very early emission parameter space to thoroughly investigate the rise phase of GRB, which thus far has been observed only occasionally. A variety of rise time physics is as follows.
Much progress has been made in GRB science since the launch of the Swift observatory in 2004 [1] . The observations from Swift did not produce a simple picture of GRB, but rather documented the richness and complexity of this phenomenon. After 500 UV-optical observations by Swift UV-optical telescope made to date, a huge variation in light curves has been observed, especially in the early rise time. There appear to be distinct classes of fast-rising (tpeak<102 sec) and slow-rising bursts [11] . Additionally, the light curves are complex, with decays, plateaus, changes in slope, and other features that are not yet understood. It is claimed [11] that the luminosity distribution of the fast-rising bursts at ~ 103 sec is quite narrow, and has promise as a kind of "standard candle" which would make GRBs useful as a cosmological probe of the very high redshift universe. In order to move this possibility to the status of a refined tool, a larger sample of such fast GRBs is required, and in particular, better resolution is required at early times: The fastest bursts often have just one measurement in their rising phase -hardly enough to understand the physics in this regimeand many other bursts have no early measurements at all. Only less than 10 GRBs in this study were measured at less than 100 sec after their burst trigger and not a single measurement at less than 15 sec after trigger. In this respect, several fundamental questions arise. Are there more features in the early light curve that have been missed by such sparse sampling? Does any feature of the rise correlate with the luminosity or a particular aspect of the physics? How many bursts are misclassified because the rapid rise was missed? The need for earlier measurements (faster UV-optical response after the initial gamma-ray burst) is clear and compelling.
It has become apparent that there are several types of GRBs. First, GRBs have an obvious (but overlapping) separation on the spectral hardness vs. duration plane, so the basic taxonomy separates these into short and hard type (SHGRBs) less than ~2 seconds in duration and long and soft type (LSGRBs), more than ~2 seconds in duration. The short time scale of SHGRB emission, the associated lower luminosity and shorter time scale of the X-ray and optical afterglow lead to speculation that the two classes have fundamentally different physical origins. LSGRBs are thought to originate from the collapse of massive stars, e.g. the collapsar model [12] , and SHGRBs from the merger of compact objects like neutron stars and black holes (for a review of SHGRBs, see e.g. [13] ). Other types of classifications, including those with more of a physical than phenomenological motivation, have been proposed (e.g. [14] ). Very short GRB (VSGRB) may originate from the evaporating Primordial Black Holes [15] . The recent progress in short-hard GRBs is extremely exciting. As of this writing, however, only about 10 short-hard GRBs had UV-optical measurements often with only one measurement above background, and thus suffer from poor time resolution in their light curves. Two measurements during the decay period are required to determine the most rudimentary decay time constant, assuming a power-law decay. The rise of SHGRB optical afterglow has never been observed.
Dark GRBs are those that stand out as having a very faint optical signal compared to X-ray afterglow. Only recently, extinction has been found to be the dominant source of dark GRBs [16] . An alternative scenario, however, suggests that some Dark GRBs are simply due to a faster decay for optical than X-ray emission. In this scenario, the optical emission fades in less than ~ 102 sec, so that most observations would not detect the optical afterglow. Better short time scale observations would shed light on this two-mechanism model. In a general sense, resolving the light curve peak time at any epoch gives a hint of the most important physical processes in that epoch. Coalescence of neutron star and black hole systems are features of a number of GRB models, particularly models for the less understood short GRB. The light crossing time of outer accretion disk bounds, the dynamic time scales of large accretion disk systems, and other time scales are in the sub-minute regime, requiring rapid response for their measurement. The time scales of jet formation or deceleration in these smaller systems may also be in this time regime.
Another general tool that rapid-response observations afford is the correlation of light curves from different bands. If complex light curves in different bands have clear correlation, this is a very strong argument for a physical linkage between the processes of emission in the two wave bands. The delay between the light curves gives further information about both processes. The γ-ray light curves have structure at every time scale investigated, up to ~10's of minutes. X-ray light curves at greater times, however, don't show much structure; all the action is at early times. Again referring to the correlation of rapid-response light curves referred to earlier, it is intriguing that some of the most early UV-optical light curves show good correlation to their γ light curves, yet others do not. Is this a clue to additional processes, or a hint that the origin of these GRBs is quite different, i.e. SN Ia vs. Ib? What will we see if we can extend these correlations of early emission to SHGRB?
Measurement of early UV-optical emission can serve as a probe of the physical conditions in the GRB fireball at short times. A simple, nearly model-independent argument [17] shows that the bulk Lorentz factor depends on the time of the early UV-optical emission peak. Measurement of the peak will therefore provide a measurement of the bulk Lorentz factor.
Currently, UV-optical emission at early times in typical bursts is believed to come from external shocks, and predicted to have a smooth, monotonic rise (e.g. see [18] and references therein). Observation of an early time UV-optical light curve that more closely resembles a gamma-X light curve, jagged, and with multiple peaks, would clearly indicate the presence of internal shock produced prompt emission in this band. Sub-minute measurements would be required to learn more about such prompt emission. What are the prospects for pushing to shorter time scales in GRB measurements?
The coming generation of gravitational wave observatories should regularly detect the coalescence of binary compact systems, the favored scenario for SHGRBs. This will open an entirely new field of astronomy. Because of its novel nature, corresponding UV-optical measurements will be highly important to interpret the astrophysics of the event. Moreover, while gravitational wave signals from binary system inspirals have the potential to yield highly accurate distance measurements, they alone cannot break the degeneracy in parameters to yield the redshift -this requires observation of an electromagnetic counterpart. Fast-response optical observations can test Lorentz violations from the time delay between different energy photons, or between photons and electromagnetic counterpart of neutrinos or early emission with GW. Such a fast-response would be essential for deep understanding of compact objects and cosmology [19] .
THE UFFO PROGRAM
The UFFO project will be carried out in a series of relatively light payloads to be adaptable readily to micro or small satellites. The first is a small payload, UFFO-Pathfinder, which will be flown aboard the Lomonosov spacecraft by November 2012. The next serious version, UFFO-100 with its payload mass of 120kg and 30-cm telescope aperture, is expected to launch in 2015. The UFFO-100 will extend its measurement capability to near-IR (NIR) using dichroic beam splitter on the SMT optics bench. We will demonstrate that such a small mass of payload is sufficient to make major advances in GRB science.
A peculiar property of GRBs makes relatively small X-ray trigger instruments possible, the GRB distribution in flux. Typical astrophysical sources have a number count vs. flux distribution close to a uniform Euclidian distribution, with a sharp cutoff caused by the sensitivity of the instrument. GRBs, in contrast, are so bright that they are limited by the volume of the observable universe. Star formation, rather than the sensitivity of our largest instruments, is the limiting factor. This means that for simple location of a GRB (not detailed study of the X-ray through gamma-ray spectrum), a small instrument can locate a large fraction of those detected by much larger instruments. This property of GRBs make the UFFO concept possible. It also makes possible very advanced missions improving on the UFFO-Pathfinder with relatively modest size. Indeed, the GRB detection rate of UFFO-Pathfinder will be about 60% of Swift, and the subminute measurements of the UV-optical emission of dozens of GRB each year provide the first detailed measurements of fast-rise GRB optical light curves, and help verify the prospect of GRB as a new standard candle.
In this decade, Swift will likely cease operations, and the UFFO will continue to provide numerous GRBs for follow up studies by the optical ground-based multi-wavelength communities, providing future possibilities for understanding GRBs of all types, and giving hope for their use as extreme-z cosmological probes. If other Swift-like GRB missions were to fly soon in the future, their sensitivity would complement UFFO's rapid response.
UFFO-PATHFINDER
The system of the UFFO-Pathfinder was designed to (i) fit the constraints of the Lomonosov spacecraft, (ii) use all preproven technologies and (iii) to be available for fast delivery. The main constraints for inclusion in Lomonosov are 20 kg total instrument mass and 800 cm maximum length. The payload consists of two instruments: SMT (Slewing Mirror Telescope) for rapid coverage of UV-optical sky and UBAT (UFFO Burst Alert Trigger) for X-ray triggers. We have designed a small telescope to provide imaging measurements by employing a gimbal beam-steering system in SMT that can point to the event within 1 sec after localization of GRBs with X-rays. The X-ray trigger system, UBAT, is a widefield coded mask camera and essentially scaled down version of the Swift BAT mainly to fit the available mass and size requirements. The UFFO-Pathfinder was built and went through space environments test, including thermal, vacuum, shock, and vibrations, successfully at National Space Organization of Taiwan (NSPO) in August 2011. The final integration of the Flight Model (FM) to the Lomonosov spacecraft and space environments test is currently under way at a branch of Roscosmos (see Figure 3) . As a subsystem of UFFO, the Slewing Mirror Telescope (SMT) is designed for fast observation of the prompt optical/UV photons from GRBs. The UFFO/SMT uses a gimbal system which provides 1 sec response over the entire FOV of UBAT, 90o x 90o. Electric motors driving gimbal-mounted mirrors are a fundamentally simple and robust technology. For UFFO-Pathfinder we used off-the shelf encoders and motors with sealed bearing systems and have already obtained sub-arcsecond settling over +/-90 degrees with t < 1 sec travel + settle time. The SMT optics includes a Ritchey-Chretien telescope with a 100 mm diameter aperture. Its field of view is 17 x 17 arcmin2 and f-number is 11.4. The primary and secondary mirrors were fabricated with the precision of about RMS 0.02 waves in wave front error (WFE) and 84.7% in average reflectivity over 200~650 nm. The entire SMT optics was aligned at the accuracy of RMS 0.05 waves in WFE at 632.8 nm. The focal detector is an Intensified Charge-Coupled Device (ICCD) with a pixel size of 4 x 4 arcsec2 and a wavelength sensitive to 200~650 nm. The ICCD operates in photon counting mode and observes faint objects up to ~19.1 magnitude B-star in white light per 100 msec. The SMT has the readout rate of 4 msec and can take 250 frames per second. One of non-trivial issues on UFFO-Pathfinder and SMT structures was the reduction of mass, while satisfying structural and functional requirements related to stiffness, strength, dimensional restriction and thermal conduction. The housing was made of carbon fiber. Mirrors and substructure were built through finite element analysis and lightweight engineering. Two identical flight models of SMT shown in Figure 4 have been built and delivered. More details of UFFO-Pathfinder SMT are presented in [20] . Numerous instruments have used coded-mask aperture cameras (e.g. Beppo-Sax, HETE-2, Integral, BATSE/CGRO, and Swift) to determine positions of GRBs. We use the most recently launched Swift observatory as the benchmark of our Xray system. Whereas Swift/BAT can localize bursts at 90% probability to a region ~3'.5 across, the UBAT will be able to localize bursts at 90% probability to a region ~17' across, thus matching the FOV of the SMT's ICCD at the SMT focal plane. Note that, as with most GRB instrument figures of merit, the accuracy applies to some fraction of the brightest bursts, and will vary greatly with more faint or rapid bursts. Typically, a larger number of counts will be observed in a 48 msec time bin, tripping a "rate trigger" in UBAT. The instrument will acquire data for some additional time until enough counts are recorded to determine a position. Approximately 6~7 seconds of on-board computing, involving Fourier Transforms, are then performed to determine the position. At this time, the entire spacecraft is slewed to the calculated position, and then a series of exposures varying in time and choice of filter wheel are then performed.
Our science goals and objectives stem from obtaining a large sample as much as possible of homogenously selected GRBs. This translates to an X-ray instrument capable of detecting tens of GRBs per year, and precise localization of GRBs and rapidly triggering the UV-IR observations. Though there are worlds of science in additional information from the high-energy emission of GRBs, we make no specific requirements on energy resolution or flux measurements. We require that the instrument provide only rough flux and duration information for each burst. We anticipate that Fermi with extremely wide sky coverage and high sensitivity and other instruments like Suzaku will provide additional flux and duration information for a large fraction of bursts.
With the time constraint to meet the launch schedule as well as mass and power constraints for UBAT (only approximately 10 kg and 10 W), we adopted well established coded-mask technique similar to Swift BAT but scaled down for the localization of bright, transient X-ray sources. With only 196 cm2 of detecting area, our collaboration has made a viable camera with which we expect to detect dozens of GRB/year. In order to respond over a wider energy range, e.g. 5~200 keV, however, we used pixellated YSO scintillating crystal read out by 36 64-ch multi-anode photo multipliers (MAPMTs) with 36 64-ch SPACIROC ASICs. The resulting sensitivity is 310 mCrab in 10 sec at 5 σ. Figure  5 shows the integrated UBAT system. More details of UBAT are described in [21] .
The UFFO Data Acquisition (UDAQ) is in charge of: central control of the payload not only with preset commands but upload commands from the ground; interfacing to the spacecraft; data collection from SMT and UBAT, storing in several NOR flash memories and transfer to the spacecraft. It is also responsible for: monitoring of all housekeeping parameters; calculation of the orbit and recognition of day and night with its photosensors; arbitration and prioritization of triggers from UBAT and BDRG (another Fermi-like payload of Lomonosov); power management, etc. All of these functions are implemented in a ACTEL field programmable gates arrays (FPGA) for the low power consumption and fast real-time processing. Entire trigger calculations with the data from UBAT, including rate trigger and imaging trigger, are also performed in a way of pipelining in another ACTEL FPGA, which reduces the latency significantly. See [22] for more details of UFFO-Pathfinder readout and trigger. 
UFFO-100
Awaiting the completion and launch of the UFFO-Pathfinder, the UFFO collaboration has been exploring its next step, a more ambitious project: UFFO-100 (named indicating the mass of payload), based on the same design principle but with total mass larger than 100 kg.
The great instrumental challenge of the UFFO concept is to see changes in the optical light curve on short time scales, which requires short exposures. Therefore, the aperture size of the instrument is the fundamental limitation on both the total number of GRB that may be detected, and the time resolution. GRB gamma-ray light curves, even the longerduration class, have high amplitude variability at every observed time scale. Comparison of the variability between the gamma-X bands and the optical bands can tell us a great deal about the emission physics at the source. Thus far, with the most rapid optical measurements available, it is not known whether gamma-X and optical emission correlates, has lags, or perhaps correlates only in certain types of bursts. There is simply not enough short time scale data. The UFFO-100 will answer such an intriguing question of "What would Swift have seen if it could have responded faster?", with the slewing mirror telescope of an aperture 30 cm as large as that of Swift, but with several enhancements to make it even more sensitive and productive, enabling detections at even shorter time resolution.
Though some enhancements may be restricted by the precise restrictions of payload, UFFO-100 would afford a 1024 cm2 X-ray camera but improved detector technology. The goal is to finally integrate the MMA technology with the motorized slewing mirror and to add a NIR-sensitive camera and specific optical instrumentation to detect the distinguished bursts. The UV/optical and NIR cameras, both with 17' fields, use the incoming beam from the SMT after being split from a dichroic. Much of the instrumentation, particularly the electronics, will be built on the heritage of UFFO-pathfinder. The pathfinder basic telescope design, fast-mode beam steering, spacecraft bus interface, and data acquisition system architecture will be shared with UFFO-100. The key components and the dimensions of UFFO-100 are shown in figure 6. We expect UFFO-100 to be flown as one of the scientific payloads of the Russian Resurs-P3 satellite in 2015. 
CONCLUSION
We propose space missions of Ultra-Fast Flash Observatory (UFFO) for the investigation of a new area of gamma-ray burst phase space both quantitatively and qualitatively. The UFFO equipped with Slewing Mirror Telescope (SMT) has an extraordinary capability by permitting the first ever systematic study of GRB UV-optical-NIR emission far earlier than 1 sec after trigger. Our fundamental science objective is to use our ability to probe this new, very early emission parameter space to make measurements of and thoroughly investigate the rise phase of GRB, which is thus far only occasionally observed. In the time domain, this improves on Swift's response by several orders of magnitude. In the spectral domain, we will improve on Swift's sensitivity by ~2.5 mag (assuming the power-law light curve extends at very early times), and we expect to detect afterglow components that are invisible to Swift because of extinction.
The UFFO-Pathfinder has now entered the final stage of completion, heading for launch onboard Lomonosov satellite in November 20121. The pathfinder is a small and limited, yet remarkably powerful micro-observatory for rapid optical response within 1 sec after X-ray trigger to bright gamma-ray bursts. Its far sub-minute measurements of the optical emission of dozens of GRB each year will result in a more rigorous test of current internal shock models, probe the extremes of bulk Lorentz factors, provide the first early and detailed measurements of fast-rise GRB optical light curves, and test the prospect of GRB as extreme z cosmological probes. We foresee not only its exciting findings but the proofof-principle for this new approach to future GRB telescopes.
